Single-cell technologies are becoming increasingly widespread and have been 27 revolutionizing our understanding of cell identity, state, diversity and function. However, 28 current platforms can be slow to apply to large-scale studies and resource-limited 29 clinical arenas due to a variety of reasons including cost, infrastructure, sample quality 30 and requirements. Here we report DNBelab C4 (C4), a negative pressure orchestrated, 31 portable and cost-effective device that enables high-throughput single-cell 32 transcriptional profiling. C4 system can efficiently allow discrimination of species-33 specific cells at high resolution and dissect tissue heterogeneity in different organs, 1 such as murine lung and cerebral cortex. Finally, we show that the DNBelab C4 2 system is comparable to existing platforms but has huge benefits in cost and portability 3 and, as such, it will be of great interest for the wider scientific community. 4 5
Introduction 6
The emergence of single-cell sequencing technologies has offered great promises in 7 the interrogation of tissue heterogeneity that could not previously be resolved from 8 measuring the average gene expression of a bulk cell population [1] . During the past 9 10 years, single-cell genomics technologies have evolved rapidly at scale and power, 10 enabling the profiling of thousands to tens of thousands single-cells per experiment 11
[2]. These efforts have enabled a comprehensive characterization of tissue 12 heterogeneity, developmental trajectories, cellular reprogramming and human 13 diseases at an unprecedented resolution. 14 15 Current high-throughput single-cell technologies apply droplet and micro-well based 16 methods, which enable partition and barcoding of single cells inside nano-liter reactors. 17
Micro-particles coated with barcoded oligos are employed to capture mRNA or DNA 18 molecules from each cell [3] [4] [5] . These methods, in comparison to low-throughput plate-19 based methods, are robust in cell type classification since profiling higher number of 20 cells can reduce the negative impact from technical and intrinsic noise [6] . However, 21 the effectiveness of these methods is limited by lengthy approaches and by the use of 22 expensive commercial instruments and reagents. Specifically, clinical samples require 23 to be transported to different laboratories for library preparation because current 24 microfluidic single-cell platforms are not portable. To address these short-comings, we 25 have developed DNBelab C4, a hand-held microfluidic device to perform cell 26 separation before high-throughput single-cell transcriptional profiling. C4 is a vacuum 27 driven and user-friendly droplet system which offers a cost-effective and portable 28 single-cell technology for both basic research and clinical purposes. C4 is also an 29 extensible platform that can be further implemented for a variety of high-throughput 30 omics technologies, such as scATAC-seq and scChIP-seq. Here we show that the 31
DNBelab C4 system is comparable to existing platforms but has benefits in cost and 32 portability. 33
Results 1
A hand-held and cost-effective microfluidic system for single-cell profiling 2
We have previously developed a hand-held, power-free microfluidic device that can 3 stably generate mono-dispersion sub-nanoliter size droplets [7] . To further apply this 4 system to single-cell profiling, we have optimized both the structure of microfluidic chip 5 and parameters of negative pressure to ensure high compability with single-cell RNA 6 sequecing (scRNA-seq) related reagents. To this end, we developed C4 system ( Fig.  7 1a), which is a low cost device composed of a syringe, a microfluidic chip, and a station. 8 C4 is a fully manual system and does not have any electronic parts. The syringe is 9 connected to the chip via connection tubings and placed on the station. After all 10 reagents and samples are loaded in the inlet reservoirs, the plunger of the syringe is 11 pulled to generate negative pressure that drives the reagents flowing into the fluidic 12 passage to form droplets. This single source negative pressure ensures the flows of 13 all reagents occur simultaneously without any fluctuation or lag in flow rates. The air 14 volume in the syringe before and after plunger is pulled determines the degree of 15 vacuum, which follows ideal gas laws. The station holds the plunger in place after it is 16 pulled so the vacuum is uniformly maintained. To evaluate the uniformity of droplets 17 size, more than 1.5 million droplets each run were generated independently from 4 18 users using 14 chips; we observed an average size of 55.9 μm with a standard 19 deviation of 2.4 μm (Fig 1b, n=14 ,000), revealing high reproducibility and stability of 20 the negative pressure-driven system in generating large numbers of droplets. 21
22
Massively parallel single-cell RNA-seq using C4 system 23
We next developed an entire workflow for scRNA-seq using C4 system (Fig 1a) . Cells, 24 functionalized beads and lysis buffer were encapsulated into emulsion droplets, where 25 each cell was lysed and mRNA transcripts were captured by bead-linked single-strand 26 oligonucleotides consisting of sequencing adaptor, cell barcode, unique molecular 27 identifier (UMI) and oligo-dT. Emulsion droplets were then transferred into a 28 membrane filter (pore size: 8 μm), where emulsion was broken and filtered by either 29 negative pressure or centrifugation. Reverse transcription of mRNA transcripts was 30 conducted on pooled beads, resulting in cDNA molecules containing both cell barcode 31 and UMIs. Subsequently, the cDNA molecules were amplified and sheared for short-32 read based sequencing library preparation. 33
To assess the technical performance of C4 system in single-cell transcriptional 1 sequencing, we profiled cells from a mixture of 50% human (HEK293T) and 50% 2 mouse (NIH3T3) cells at the concentration of 1,000 cells/ul. A total of 548 million 3 quality-filtered reads were obtained and then assigned to each cell barcode and were 4 mapped to reference genomes. 61% of the reads mapped to exonic regions 5 ( Supplementary Figure 1a ), revealing high library quality. One library contained an 6 estimated 2,897 cells based on the distribution of the number of UMIs per barcode 7 ( Fig. 1c) . A discrimination between mouse and human UMI revealed only a small 8 percentage (roughly 2%) of cells that contain high fraction of both human and mouse 9 reads ( Fig. 1d ). In addition, an average of 43,719 and 39,767 UMI-tagged transcripts 10 (assigned to 6,618 and 5,847 genes) were detected in human and mouse cells, 11 respectively ( Fig. 1e ). These data demonstrate that C4 system shows minimal collision 12 rate and high gene capture efficiency. We performed an independent cross-species 13 experiment and observed similar results ( Supplementary Figure 1b correlations between replicates (Pearson correlation = 0.998, Supplementary Figure  15 2), thus strenghening the effectiveness of our approach. 16 17
Unsupervised taxonomy of cellular states 18
To examine the ability of C4 system to resolve cell populations in complex primary 19 tissues, we isolated nuclei, an extensively adopted type of input sample [8] [9] , from 20 mouse lung tissue to generate scRNA-seq libraries. After sequencing and read 21 alignment, we collected a total of 3,241 cells based on the UMI distribution (data not 22 shown). Unsupervised clustering identified 9 distinct subpopulations, suggesting high 23 heterogeneity within this tissue ( Fig. 2a ). Differential gene expression analysis 24 identified genes that were specifically expressed in each subpopulation ( Fig. 2b) , 25 resulting in the characterization of cell types including epithelial cells such as alveolar 26 type 1 (AT1, expressing Ager) and type 2 (AT2, expressing Sftpb) cells, endothelial 27 cells (Pecam1), fibroblast cells (Igfbp5 and Fn1), and immune cells (Ptprc) ( Fig. 2a , 28
Supplementary Figure 3 ). Interestingly, 4 sub-types of cells can be further identified 29 within immune cells including 3 types of macrophages and one type of B lymphocytes, 30 while endothelial cell population can also be further sub-classified into those of 31 vascular and lymphocyte of origin, respectively ( Fig. 2a ). These data are consistent 32 with previous single-cell analysis of lung tissue from newborn mice [10], suggesting that C4 system could be faithfully applied into dissecting complex cell populations at 1 high resolution. 2 3
Comparative analysis of C4 and existing platforms 4
Two recent benchmarking studies by Ding et al. and Mereu et al. [11, 12] have 5 systematically and comprehensively compared existing single-cell sequencing 6 techniques, providing invaluable resource for users to make informed choices. To 7 compare the technical performance between C4 and these single-cell platforms, we 8 firstly analyzed the data from HEK293T/NIH3T3 mixture cells in replicates and the 9 data generated from the same cell types in the study by Ding et al. [11] . We observed 10 a multiplet rate of 2-2.5% in C4 system, which is quite comparable and acceptable in 11 comparison with other high-througput platforms ( Fig. 3a) . To evaluate the gene 12 detection sensitivity, we first performed down-sampling analysis and found that a 13 median number of over 6,000 genes was identified at 100K reads per cell, which 14 outperforms other platforms ( Supplementary Figure 4 ). Supporting this, we further 15 calculated the number of UMIs and genes of all single cells from each platform. As 16 expected, the plate-based method, Smart-seq2 and CEL-Seq2 showed the highest 17 capture sensitivity (Fig.3b, c) . Interestingly, when comparing with high-throughput 18 methods, C4 detected over 6,000 genes in both mouse and human cell lines, which is 19 much higher than all other platforms (Fig. 3b, c) , possibly owing this to the higher 20 number of capture oligos (theoretical number: 10 7 ) on our functionalized micro-21 particles. 22
23
One of the key biological information obtained from single-cell RNA-seq is the 24 identification and recovery of different cell types from heterogeneus populations. In 25 their report, Ding et al. [11] compared the ability of different platforms to resolve cellular 26 heterogeneity in mouse cortex and human PBMCs. To further compare this facet of 27 C4 with current platforms, we profiled a total of 6,473 single cells from the nuclei of 28 mouse cortex, which was disassociated and extracted according to the protocol by 29
Ding et al. [11] . As expected, we observed slightly higher number of genes in C4 30 system ( Fig. 4a ) than all other high-throughput platforms. We next performed 31 unsupervised clustering for the nuclei data based on gene expression matrices, 32 resulting in 9 subpopulations. Marker gene based annotation revealed recovery of 33 known cell types in mouse cortex in all methods, e.g., excitatory or inhibitory neurons, astrocytes and microglia (Fig. 4b ). We further calculated the percentage of each 1 subpopulation and observed successful capture of all major cell types ( Fig. 4c ). C4 2 and other droplet-based methods can recover all cell types, whereas the combinatorial 3 idexing based method, sci-RNA-seq, can not detect cell types such as pericytes, 4
suggesting potential bias across different strategies. Taken together, these results 5 strongly indicated that C4 presents high sensitivity in gene detection and comparable 6
recovery ability with most of the current platforms. 7 8 Discussion 9
In summary, we have developed a portable, affordable and user friendly microfludic 10 system that enables scalable single-cell transcriptomics profiling. The portability 11 feature of C4 system is critical since many samples should be freshly prepared and 12 immediately loaded to ensure high data quality. C4 is applicable to different tissues 13 and sample types including viable cells and nuclei, which is important since only nuclei 14 can be isolated from many archived samples including frozen tissues or dissociated 15 cells. In addition, we have systematically compared C4 and other 7 single cell 16
platforms, demonstrating that C4 shows high sensitivity on mRNA molecule detection 17 and robust ability for recovery of cellular heterogeneity in different tissues, such as 18 cortex. Apart from good technical performance, C4 system is of extremely low-cost, 19 making it possible for every life science lab to do single-cell studies without purchasing 20 expensive instruments. 21
22
One limitation for current high throughput single-cell platforms (such as droplet, 23 microwell or combinatorial indexing based methods) is that only 3' or 5' end exonic 24 read can be measured on short-read based sequencing platforms. The tag information 25 can only be used for expression quantification but does not allow transcriptomic 26 analyses such as alternative splicing and structural variation in a high-throughput 27 manner [1]. However, full-length cDNA library can be obtained from these platforms 28
including C4 system. One potential approach to achieve full-length cDNA sequencing 29 is to combine long read sequencing techniques such as long fragment read (LFR) 30 technology [13] , which has been widely used for DNA sequencing. Moreover, C4 could 31 be an extendable platform for efficient profiling of other omics layers, such as 32 chromatin accessibility or simultaneous profiling of multi-omics at single-cell resolution, 33
with specific modifications to oligo on the micro-particles. Overall, C4 is a promising candidate single-cell system for high-throughput multimodal study of single cells, 1 paving the way to a thorough assessment of cellular heterogeneity in a variety of basic 2 research and clinical applications. 3 4
Methods 5
Methods will be released when this manuscript is officially published. 6 7 References 8
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